The mixtures of 1-butylpyrrolidine and ZnCl 2 result in the formation of an ionic liquid, which can be used as an electrolyte for zinc electrodeposition. The feasibility of electrodepositing Zn from these electrolytes was investigated at RT and at 60°C. The synthesized mixtures are rather viscous. Toluene was added to the mixtures to decrease the viscosity of the ILs. Vibrational spectroscopy was employed for the charac- in these electrolytes. This is in contrary to the well investigated chlorozincate ionic liquids where the deposition of Zn occurs mainly from anionic chlorozincates. Nanoplates of Zn were obtained from these mixtures of 1-butylpyrrolidine and ZnCl 2 .
Introduction
Nanomaterials possess interesting structures and properties owing to their small sizes in the nanometer regime. Furthermore, metal nanoplates are of interest due to their promising catalytic, optical, and electronic properties. 1 Among the various shapes, nanoplates possess sharp corners and edges that are supposed to be more active for certain applications. 2 Furthermore, anisotropic materials (or particles) find special interest owing to their difference in quantum confinement in various dimensions, which occurs on the miniaturization of the particles. 3 In particular, zinc nanostructures have a number of applications in the Zn redox battery, Zn-air fuel cell, and in the preparation of zinc oxide. Zinc nanoplates are prepared by some special techniques such as solid-vapour synthesis, electron-beam irradiation, thermal evaporation, chemical vapour deposition etc. 4, 5 The nanoplates synthesized by the aforementioned routines are always mixed with nanostructures having different morphologies. These routines need special conditions of operation. Furthermore, pure nanoplates without the mixture of other morphologies are rarely obtained. Thus, it is desirable to prepare phase pure zinc nanoplates with a uniform thickness by a template-free electrodeposition. Ionic liquids (ILs) are one of the most extensively investigated topics at present due to their applications in numerous fields. [5] [6] [7] [8] [9] Initial interest in these liquids was mostly due to the electrodeposition of Al and their potential use in battery applications. The ionic liquids studied were formerly composed of organic salts like N-alkylpyridinium halides (or 1,3-dialkylimidazolium halides) and metal halides like AlCl 3 . cations. In the past two decades, the research was focused on the replacement of the moisture sensitive chloroaluminate anion by discrete anions like e.g. trifluoromethylsulfonate, bis(trifluoromethylsulfonyl)amide, and many more. 14, 15 These ILs have been used for the electrodeposition of metals/ semiconductors, battery applications, and in electrochemical devices. [16] [17] [18] [19] [20] (where x = 4-5 and n = 2-3) in Zn(TfO) 2 /[Py 1, 4 ]TfO. [21] [22] [23] [24] The cations of ionic liquids together with anionic metal ion species may be present at the electrode/electrolyte interface, and the IL cations may influence or compete with metal-containing anionic species under the electrodeposition conditions. 25 Furthermore, higher concentrations of metal complexes can be achievable in this kind of liquids by avoiding the accumulation of organic cations. 26 
Results and discussion
Far-IR spectroscopy is used to probe cation-anion interactions in ILs. 33 The far-IR spectra of the neat liquid and its mixtures the allocation of these modes of vibrations is difficult with IR spectroscopy alone, as [ZnCl 3 ] − also has to be expected. 
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In the Raman spectra of 1-butylpyrrolidine : ZnCl 2 , peaks/shoulders were observed at ∼80 and 116 for the 1 : 0.4 mol ratio (red curve) and at ∼82 and 120 cm −1 for the 1 : 0.5 mol ratio (green curve). Quite a broad peak was also noticed for these spectra at 290 cm −1 . Upon increasing the concentration of ZnCl 2 above the 0.5 mol ratio, the peak at 290 cm −1 shifted to lower wavenumbers to below in the neat ligand (black line), which can be attributed to the out-of-plane ring vibration mode of the ligand. This peak was shifted to below 300 cm −1 and the peak intensity was also found to decrease at this position upon complexation with ZnCl 2 . The lowering of the intensity and a shifting of the peak to <300 cm . To obtain more information from the vibrational spectra, the Raman peaks were deconvoluted with Voigt functions. Fig. 3 shows the peak fits of the mixtures at various mol ratios of 1-butylpyrrolidine to ZnCl 2 . The raw data were deconvoluted into four/five components. From the peak fit analysis, the average coordination number (N) can be obtained by the following equation.
where a CO is the Raman integral intensity of the coordinated Zn 2+ with the ligand, a L is the Raman integral intensity of the neat ligand, n ZnCl 2 is the number moles of ZnCl 2 and n L is the number moles of the ligand. The Raman spectra in Fig. 3a-d show the Voigt fit components of the spectra obtained for various mol ratios of 1-butylpyrrolidine : ZnCl 2 . In Fig. 3a , the best fit could be obtained by deconvoluting the spectrum into four components. For the other three spectra, the best fit could be obtained by deconvoluting the spectra into five components.
The deconvoluted peaks and their respective components ( Fig. 3a-d 46 From the integral intensities of the fits, the average coordination number of Zn 2+ can be obtained according to eqn (1) . In the case of the 0.4 : 1 mol ratio of ZnCl 2 : 1-butylpyrrolidine, one can fit the Raman spectrum with four peaks (Fig. 3a) . The coordination number (N) calculated from eqn (1) for this mixture was found to be 2.2 (∼2). The N value for the 0.5 : 1 mol ratio of ZnCl 2 : 1-butylpyrrolidine ( Fig. 3b) 
and at high concentrations of ZnCl 2 The reduction process C1 is related to the deposition of Zn.
Here at the high mol ratios of ZnCl 2 , we could not observe the formation of the Cu-Zn alloy. The process A1 is due to the dissolution of Zn. The reduction process of Zn 2+ might be described as follows, where L = 1-butylpyrrolidine and x = 1-2.
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The viscosities at various mol ratios of 1-butylpyrrolidine and ZnCl 2 are tabulated in Table S1 of the ESI. † The viscosities at 27°C for the mol ratios of 1 : 0.4, 1 : 0.5, and 1 : 0.75 (1-butylpyrrolidine and ZnCl 2 ) were found to be 256, 401.2, and 18 443 mPa s, respectively. For instance, the viscosity of the mixture composed of urea and ZnCl 2 (with a ratio of 3.5 of urea to ZnCl 2 , which corresponds to a 1 : 0.286 mol ratio of urea to ZnCl 2 ) at 25°C was found to be 11 400 mPa s. 30 A reduction in the viscosity of 1-butylpyrrolidine and ZnCl 2 (1 : 0.4) in a comparable range to the composition of the urea and ZnCl 2 mixture (1 : 0.286) could be related to the type of species formed and to their ionic sizes. The addition of 10 vol% toluene to the mixture of a 1 : 0.5 mol ratio of 1-butylpyrrolidine and ZnCl 2 significantly decreases the viscosity to 117.5 mPa s. The viscosity values increase with an increase in the concentration of ZnCl 2 in the mixtures, which could be related to the difference in the speciation, increase in charge carriers, and also to their sizes. Furthermore, such an increase in the viscosity with an increase in the concentration of the metal halide salt was observed for the mixtures prepared from 4-propylpyridine and AlCl 3 .
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In an attempt to describe the electrode/electrolyte interface (or the interfacial structure) of this electrolyte where cationic and anionic metal complexes are the constituent ions of the IL (i.e. IL formed by mixing a neutral ligand, 1-butylpyrrolidine and ZnCl 2 ), we have performed Atomic Force Microscopy (AFM) investigations for the 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 . To the best of the authors' knowledge, such measurements have not been carried out for such systems so far to describe the interfacial structure of the ionic liquids containing metal complexes as constituent ions. Rather bad force-distance curves were obtained for the ZnCl 2 / 1-butylpyrrolidine mixture presumably as a consequence of the viscosity. Thus, for subsequent AFM measurements, 10 vol% of toluene was added to decrease the viscosity. In order to know the electrochemical behavior and the spectral features of a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 + 10 vol% toluene, we have also recorded the CV on gold and the Raman spectrum of this mixture. The corresponding CV and Raman spectra are shown in ESI, Fig. S2 and S3 , † respectively. The Raman spectrum of a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 + 10 vol% toluene has similar spectral features to that of a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 . Furthermore, in the spectrum two new peaks are observed at ∼225 and 525 cm −1 , which are related to toluene. 55 In the forward scan of the CV (Fig. 4) , two reduction processes are observed. The reduction process (C*) might be attributed to the alloy formation of Zn with gold and the reduction process (C1) is attributed to the deposition of Zn, which occurs at ∼−0.5 V. A single oxidation process is observed in the backward scan, which can be related to the dissolution of Zn (A1). Recently in situ atomic force microscopy (AFM) has become an important tool to probe the interfacial nanostructure on solid surfaces in various ILs. 56 The solid-liquid interface in ILs is considerably different from conventional aqueous systems due to the difference in the solvent-solvent and solvent-solid interactions. Recent in situ AFM and in situ STM studies have shown that ILs arrange in an orderly layered structure at the solid-IL interface including on charged electrodes. [57] [58] [59] [60] The electrochemical behavior of the electrolyte does not change significantly with the addition of toluene (Fig. S2 †) . However, the interaction of toluene on the 1-butylpyrrolidine : ZnCl 2 /Au(111) interface cannot be completely excluded, as toluene can adsorb on the gold surface. 61 Fig . 5 shows the force versus separation curves for an AFM tip approaching an Au(111) surface in a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 + 10 vol% toluene at various electrode potentials. The appearance of the AFM force curves differs significantly from the force curves reported for the IL/ Au(111) interface. 60, 62 The measurements usually exhibit discrete force-distance curves, which can be explained by means of the size of the ions or of ion pairs, respectively. The steps in these AFM force curves are due to the expulsion of the interfacial liquid layers from the gold substrate. The push-through force increases closer to the surface as the ordering is more pronounced close to the interface. Thus, the step width usually corresponds to the dimension of the individual ionic species or ion pairs. In the case of 1-butylpyrrolidine : ZnCl 2 / Au(111), the interfacial structure is highly complex. Instead of the typical discrete force signals a broad signal is observed at the applied potentials at the interface (Fig. 5) . This behavior reveals a strong ion-ion interaction between the solvation layers because due to the displacement of one of the solvation layers the AFM tip pulls the other layers as well. Such a strong ion-ion interaction should in turn reduce the ion-surface interaction. At the OCP (−0.5 V vs. Zn) three small steps, 0.48 nm, 0.53 nm and 0.71 nm, can be detected within a broad signal of ∼1.72 nm width (Fig. 5a) needed to rupture the innermost layer revealing that a relatively strong near surface structure is present. There is no significant change in the width of the broad peak at the IL/Au (111) interface by reducing the electrode potential. However, the number and the width of the small steps inside this broad peak change notably by decreasing the electrode potential indicating the rearrangement of the species at the interface. Thus, at +0.4 V, at least five small steps can be detected within the broad peak (Fig. 5b) . The innermost layer is 0.48 nm wide, which might indicate the presence of [ZnClL x=1-2 ] + . The width of the innermost layer decreases significantly by further reducing the electrode potential: 0.28 nm step at −0.1 V (Fig. 5c ) and 0.19 nm step at −0.2 V (Fig. 5d) . The appearance of the force curves changes significantly by applying a positive potential. At +0.6 V four wide solvation layers can be detected with the first step noticed at 3.6 nm (Fig. 5e) . The innermost layer is 0.45 nm wide that, as in the case of the OCP, corresponds to a diameter of [ZnClL x=1-2 ] + .
However, the force required to rupture the innermost layer decreases (∼8 nN) indicating that a weaker near surface structure is present likely due to a rearrangement of the ions at the interface. The widths of the following steps are ∼1. phosphine, M = Co, Ni or Zn, and X = Cl − or Br − . 63 At +0.7 V the innermost layer is 0.24 nm wide and the force to rupture the layer is markedly increased (∼27 nN (Fig. 5f ) . Furthermore, at more positive electrode potentials the decomposition of the anion cannot be completely excluded and the decomposition products might also alter the IL/Au(111) interface. In conclusion, in situ AFM results reveal that the 1-butylpyrrolidine : ZnCl 2 /Au(111) interfacial structure is rather complex and further investigations are needed to comprehensively describe the ionic arrangement at the interface. In order to obtain zinc deposits, constant-potential electrolysis of the mixtures was carried out on Cu electrodes at −0.5 V and 60°C for 2 h. For the mixture at a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 + 10 vol% toluene, constant-potential electrolysis on Cu and gold electrodes was carried out at −0.5 V for 2 h at RT. The obtained deposits were washed in isopropanol and dried in the glove-box. The morphology and crystallinity of the Zn deposits have been investigated by scanning electron microscopy and X-ray diffraction, respectively. The morphologies of the Zn deposits on Cu at various mol ratios are shown in Fig. 6a-d . We could not find any remarkable differences in the morphologies of the deposits. The deposits consist of hexagonal Zn nanoplates with lateral dimensions of around 5-10 µm. The plate thickness was found to be rather thin. The dimensions of the plates decrease with an increase in the mol ratios of ZnCl 2 in the mixtures. Dai et al. reported the growth of gold nanosheets in ILs based on pyrrolidinium cations with a bis(trifluoromethylsulfonyl)amide anion by a ionothermal reduction route. 64 The growth mechanism of the zinc nanoplates is not yet understood and further investigations might be needed to know why this kind of preferred morphology is obtained from these mixtures. Interested readers are referred to ref. 65 . Previously we obtained intertwined zinc nanowires by a template-free electrodeposition from an ionic liquid. 66 Poly(vinylpyrrolidone), PVP, has been extensively used in the solution-phase synthesis of metal nanoplates, which can be considered as a steric stabilizer or capping agent to protect the metal nanoplates from agglomeration. 2 Yuan et al. reported the growth and morphological characterization of Zn nanoplates and concluded that the intrinsic growth anisotropy of Zn is the driving force leading to the formation of the plate-like structures. 4 For further understanding on the formation of nanostructures with various shapes, the reader is referred to ref. 67 . The deposition of Zn was carried out either on gold or on Cu to test whether we obtain Zn nanoplates or not from a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 + 10 vol% toluene. The deposition of Zn on gold (or on Cu) from this solution was carried out at −0.5 V and at RT. The SEM images of Zn deposits on gold and on Cu are shown in Fig. S4 and S5, † respectively. Zinc nanoplates have been obtained on both substrates with almost similar lateral dimensions and thicknesses. This indicates that the substrate plays no major role in obtaining Zn nanoplates. Fig. 7 shows typical XRD profiles of the zinc deposits obtained from the electrolysis of the mixtures at various mol ratios, carried out on Cu electrodes at −0.5 V and 60°C for 2 h. The diffraction peaks of Zn deposits match with the peaks of the hexagonal structure of Zn (JCPDS 04-0831). The narrow and sharp diffraction peaks indicate that the obtained deposits are crystalline with particle sizes in the nanometer regime. A strong (002) plane is noticed in all diffractograms. Furthermore, at low mol ratios of ZnCl 2 , we noticed an alloy formation of Zn with Cu, which is suppressed by increasing the mol ratio of ZnCl 2 . The average crystal size was found to be 60-65 nm using the Scherrer equation. 68 The XRD pattern 
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This journal is © The Royal Society of Chemistry 2017 of the Zn deposit obtained from a 1 : 0.5 mol ratio of 1-butylpyrrolidine : ZnCl 2 with 10 vol% toluene at −0.5 V and RT is shown in the ESI (Fig. S5 †) . This pattern also matches with the hexagonal structure of Zn (JCPDS 04-0831). The crystal size in this is found to be 55-60 nm.
Conclusions
The mixture of 1-butylpyrrolidine and ZnCl 2 results in the formation of a new IL, which is composed of zinc complexes as cations and anions. It was found that a minimum of 0.4 mol ratio of ZnCl 2 is necessary to form a homogeneous mixture and below this concentration a biphasic mixture was obtained. The FT-IR measurements were performed with a Bruker Vertex 70 FT-IR spectrometer. The instrument was equipped with an extension for measurements in the far-IR region, which consists of a multilayer Mylar beam splitter, a room temperature DLATGS detector with a preamplifier and polyethylene (PE) windows for the internal optical path. The available spectral region for this configuration was between 30 and 680 cm −1 . Raman measurements were carried out with a Raman module FRA 106 (Nd:YAG laser, 1064 nm) attached to a Bruker IFS 66v interferometer. The viscosity measurements were performed at 27°C with a microVISC TM viscometer from RheoSense (model number:
microVISC TC: HVROC-T; serial number: microVISC TC: H1211-00156).
The electrochemical measurements were carried out using a PARSTAT 2263 potentiostat/galvanostat controlled by PowerCV and PowerStep software. Unless otherwise mentioned, Cu substrates were used as working electrodes (WE), and zinc sheets/wires were used as counter and reference electrodes. Prior to use the WEs were cleaned in acetone and dried. High resolution SEM (Carl Zeiss DSM 982 Gemini) was employed to investigate the morphology of the deposits. X-ray diffraction patterns were recorded at RT using a PANalytical Empyrean Diffractometer (Cabinet no. 9430 060 03002) with CuK α radiation. Force-distance curves were collected using a Molecular Imaging Pico Plus AFM in the contact mode. A silicon SPM-sensor from NanoWorld was employed for all experiments presented in this study. The spring constant was 6 N m −1 as given by the supplier. All force curves were acquired at room temperature in an argon-filled glove-box. For these measurements Au(111) (300 nm gold on mica) substrates purchased from Agilent Technologies were used as working electrodes. Pt wires were used as counter and reference electrodes, respectively. A Pt-wire has sufficient stability in the employed electrolytes throughout the in situ AFM measurements and gives a potential of about −0.3 V vs. a Zn wire. Toluene (99.99%) was purchased from Sigma Aldrich, Germany.
